ABCG2 belongs to the ABC transporter superfamily and functions as a poly-specific efflux pump. As it can transport a broad spectrum of substrates out of cells, ABCG2 is thought to alter the pharmacokinetics of drugs applied to treat certain diseases.
| INTRODUCTION
The multidrug efflux transporter ABCG2 was discovered independently by three different research groups and initially named according to the respective research context either as breast cancer resistance protein (BCRP; L. A. Doyle et al., 1998) , ABC transporter highly expressed in placenta (ABCP; Allikmets, Schriml, Hutchinson, Romano-Spica, & Dean, 1998) , or mitoxantrone resistance (MXR; Miyake et al., 1999) . It is a member of the ABC (ATP-binding cassette) transporter family, which consists of at least 48 members divided into seven subfamilies (ABCA-G; Dean, Hamon, & Chimini, 2001 ). The function of individual members of this protein family can range from receptors to ion channels to membrane transporters.
Similar to other clinically relevant ABC transporters such as Pglycoprotein (P-gp, multidrug resistance protein 1, ABCB1; Y. H. Li, Wang, Li, & Yang, 2006) and multidrug resistance associated protein 1 (ABCC1; Johnson & Chen, 2018) , ABCG2 functions as a rather nonspecific efflux pump which utilizes the energy of ATP hydrolysis to actively transport a variety of substrates across the membrane. A list of suggested ABCG2 substrates has been reviewed elsewhere (Mo & Zhang, 2012) .
Physiologically, ABCG2 is highly expressed in placental syncytiotrophoblasts (Mao, 2008) and cerebral endothelium (Zhang et al., 2003) but can also be found at the apical membrane of polar epithelial cells in the intestine (Gutmann, Hruz, Zimmermann, Beglinger, & Drewe, 2005) , liver (Maliepaard et al., 2001) , and kidney (Woodward et al., 2009 ). Due to its expression pattern at entry and exit points of the body as well as in barriers (blood-brain and blood-placenta barrier), the protein is believed to function as a "bouncer" that protects critical tissue from entrance of unwanted substances (like toxins and xenobiotics). However, ABCG2's physiological role is also believed to potentially alter pharmacokinetics and distribution of drugs in the Abbreviations: ABC, ATP-binding cassette; ABCB1-7, ATP-binding cassette transporter of subfamily B, members 1-7; ABCC1, ATP-binding cassette transporter of subfamily C, member 1; ABCG2-8, ATP-binding cassette transporter of subfamily G, members 2-8; cryo-EM, single particle cryogenic electron microscopy; E 1 S, estrone-3-sulfate; EL, extracellular loop; NBD, nucleotide binding domain; P-gp, P-glycoprotein (permeability glycoprotein); TM1-6, membrane spanning α-helices 1-6; TMD, transmembrane domain. treatment of several diseases. In this regard, it has been suggested that drugs, such as angiotensin receptor antagonists, that inhibit ABCG2 efflux function can induce drug-drug interactions via this route (Bajcetic et al., 2007; Ripperger, Krischer, Robaa, Sippl, & Benndorf, 2018; Schumacher & Benndorf, 2017; Weiss et al., 2010) .
Moreover, naturally occurring genetic polymorphisms, such as the Q141K ABCG2 variant (on transcript 421C>A), have been shown to affect the pharmacokinetics of drugs like irinotecan (Q. Zhou et al., 2005) , rosuvastatin (Zhang et al., 2006) , and 9-aminocamptothecin (Zamboni et al., 2006) . In addition, Q141K, which reduces the surface expression of ABCG2 (Deppe, Boger, Weiss, & Benndorf, 2010; Ripperger & Benndorf, 2016) , is associated with uric acid levels and may hence play a causal role in hyperuricaemia and gout (Furukawa et al., 2009; Kannangara et al., 2016; R. Li et al., 2015) . Further information on ABCG2 polymorphisms and their effect on protein expression, function, and drug pharmacokinetics can be found elsewhere (Heyes, Kapoor, & Kerr, 2018) .
However, ABCG2 has received most of its pharmacological attention as a potential candidate to cause multidrug resistance in cancer treatment with chemotherapy (L. Doyle & Ross, 2003; Robey, Polgar, Deeken, To, & Bates, 2007) . Expression of ABCG2 was associated with poor prognosis in the treatment of acute myeloid leukaemia (Damiani et al., 2006) and diffuse large B-cell lymphoma (Kim et al., 2009 ). In contrast, the role of ABCG2 in multidrug resistance of other cancer types is rather unclear, although these clinical observations are contradictory to the fact that many of the known ABCG2 substrates are actually chemotherapeutic agents (Polgar, Robey, & Bates, 2008) .
Thus, a more complete understanding of the structure of ABCG2 should help to answer many questions regarding the role of ABCG2 in cancer development and progression.
| PRIMARY SEQUENCE AND STRUCTURE PREDICTION
After the first publication of the cDNA and protein sequence of ABCG2 in 1998 (L. A. Doyle et al., 1998) , scientists were able to screen it for functional motifs and putative structural and functional domains. As there were no structural data present at that time, scientists had to develop and apply homology models to other known ABC transporters and structure predictions which gave rise to the first models of ABCG2 architecture. This basic knowledge on ABC transporter physiology was very helpful to infer the structure and functionality of ABCG2. In general, ABC transporters are built of two transmembrane domains (TMDs) with at least 12 membrane spanning α-helices and two catalytic nucleotide binding domains (NBDs) facing the cytosol (Polgar et al., 2008) . The TMD carries the substrate binding site and constitutes the translocation pathway for the substrate, whereas the NBD is responsible for ATP binding and ATP hydrolysis.
In most plasma membrane-associated ABC transporters, the order of these domains within the protein sequence is N-TMD-NBD-TMD-NBD-C, as shown for P-gp (ABCB1) and the multidrug resistance associated protein 1 (ABCC1). However, the sequence of ABCG2 only encompasses one NBD and one TMD, the latter consisting of only six membrane spanning α-helices (TM1-6). Therefore, it is considered to be a so-called half-transporter that needs to dimerize to gain full functionality. Half-transporters are also commonly located in intracellular compartments, such as the transporter associated with antigen presentation 1 (ABCB2) and the transporter associated with antigen presentation 2 (ABCB3), that are located in the endoplasmic reticulum, ABCB7 which is found primarily in mitochondria, and the whole D family of ABC transporters is mostly restricted to peroxisomes (Dean et al., 2001; Higgins et al., 1986) . In the ABCG subfamily, the order of the domains is reversed compared to other ABC transporters being N-NBD-TMD-C on the primary protein sequence.
Within the NBD, there are several conserved motifs that are common to most ABC transporters. The ATP binding side is usually composed of an A-loop, a Walker A motif (P-loop), a Q-loop, a Walker B motif, a histidine switch (H-loop), a D-loop, and a C-signature motif (ABC signature, C-loop; ter Beek, Guskov, & Slotboom, 2014) . Walker A (P-loop, consensus sequence: GxxGxGKS/T, with x representing any amino acid) is a glycine-rich sequence that is able to bind the phosphates of ATP by hydrogen bonds. ATP binding is assisted by the C-signature motif (ABC signature, C-loop), which has a consensus sequence of L/VSGGQ/E and is a typical feature of the ABC transporter family . The magnesium ion associated with the ATP and a water molecule for ATP hydrolysis are bound by charged amino acids within the Q-loop (a variable sequence with a conserved glutamine) and Walker B (consensus sequence: hhhhDE, with h representing hydrophobic residues). According to new structural data, the A-loop, which consists of an aromatic side chain residue to bind the nucleobase of ATP by ring stacking, is missing in ABCG2 . Although this is also the case for ABCG5 and ABCG8, in silico homology models of ABCG2 predict the A-loop to be present at residue F52 upstream of Walker A (Ferreira, Bonito, Cordeiro, Ferreira, & Dos Santos, 2017) , a region that is not well resolved in current structural models Manolaridis et al., 2018) . The D-loop of ABCG2 differs from its published consensus sequence SALD (Horn, Jenewein, Sohn-Bosser, Bremer, & Schmitt, 2005) having only leucine and aspartate in common. During the hydrolysis reaction, the bound water molecule is polarized with the help of Walker B, H-loop, D-loop, and a conserved glutamine within the Q-loop for a nucleophilic attack on the γ-phosphate of ATP (Locher, 2016; ter Beek et al., 2014) . As a result, ADP and free phosphate are generated.
To fully bind an ATP molecule, a dimerization of the two NBDs is necessary, as not all of the structural elements within a single NBD can be arranged around the ATP molecule. Therefore, two ATP molecules glue two NBDs together using the missing structural elements NBDs to a dimer of closed NBDs) are thought to take place in order to provide the energy for substrate transport through the translocation pathway within the TMD McDevitt et al., 2008) . To enable this, NBD and TMD have to be connected, a process possibly induced by two α-helices (connecting helix and coupling helix) of the TMD . Within the TMD, the substrate binding sites of ABC transporters are frequently located at the cytosolic side of the 12 membrane spanning α-helices. There is much less conservation within the sequence of the TMD compared to the NBD. This is due to the fact that this domain had to adapt structural demands of substrate binding specificity among individual ABC transporter family members (Wilkens, 2015) . Like P-gp (ABCB1) and ABCC1, the substrate binding site of ABGG2 features even a polyspecificity to a variety of substrates (Wright, Muench, Goldman, & Baker, 2018) . Hence, detailed structural information, especially regarding the TMD, is essential to identify potential new drugs as substrates for ABCG2-related transport processes, and to design specific ABCG2 inhibitors.
One additional structural feature, unique to ABCG2 among other ABC transporters, is a much longer extracellular loop (EL3) between the TM5 and TM6 (Desuzinges-Mandon et al., 2010) . It bears three cysteine residues that form an intramolecular (C592-C608) and an intermolecular (C603-C603 0 of opposing ABCG2 monomer) disulfide bond (Henriksen, Fog, Litman, & Gether, 2005) . Although the intramolecular disulfide bond seems to be relevant for ABCG2 expression and function, the intermolecular disulfide bond is likely to be of minor importance in this respect. Within EL3, there is a functional Nglycosylation site at N596 which most likely is modified by Nacetylglucosamine . A diagram of the domain structure and location of important residues is presented in Figure 1 and ABCG5/ABCG8 heterodimer, Lee et al., 2016) . However, even more than 20 years after its discovery, a high-resolution X-ray diffraction structure of ABCG2 is still not available. As it is known that ABC transporters share strong structural homology with other ABC transporters, even without a strong homology in the overall protein sequence, scientists have tried to predict the 3D structure of ABCG2 using homology models. Thereby, in silico structural data of ABCG2 have been published using a homology model for its closest relative ABCG5/ABCG8 (Ferreira et al., 2017; Khunweeraphong, Stockner, & Kuchler, 2017; Laszlo, Sarkadi, & Hegedus, 2016) . These structural predictions shared the problem that they might not be precise for the real 3D composition of ABCG2, underlying the need F I G U R E 1 Schematic overview of the ABCG2 domain structure consisting of a nucleotide binding domain (NBD) and a transmembrane domain (TMD). Single membrane spanning α-helices (TM1-6) were structured according to the information in published protein sequence (accession number: NP_001335914.1). The long extracellular loop 3 (EL3) is marked separately. Important sequence motifs or single residues are highlighted and further explained in Table 1 . In ABCG2, the catalytic centre within the NBD is formed by the sequence motifs Walker A, Q-loop, Walker B and H-loop of one monomer, and the c-signature and D-loop from the other monomer. The A-loop is either present upstream of Walker A or is missing and functionally replaced by the amino acids marked in green. Within the TMD, the membrane entrance site for hydrophobic substrates is highlighted by blue residues in TM1 and TM5. Residues involved in substrate binding or modification of substrate specificity are marked in brown. Cysteine bridge forming residues within EL3 are marked in red for high-resolution structural data. As obtaining X-ray diffraction structures of membrane proteins like ABCG2 is still challenging, recent structural analysis using electron microscopy might represent an appealing alternative for structural biologists interested in ABCG2.
| FIRST STRUCTURAL DATA FROM ELECTRON MICROSCOPY
Electron microscopy in general lacks the high resolution obtained by X-ray protein crystallography and is not able to provide 3D structures T A B L E 1 Relevant residues/motifs within ABCG2 primary sequence 
F439
Binding of ABCG2 substrate estrone-3-sulfate with aromatic ring stacking R482 R482 mutations affect substrate specificity, H-bond with S521 in TM4 (Honjo et al., 2001; Taylor et al., 2017) L539, I543, F547 Residues from TM5a forming the membrane entrance for substrates between TM1 and TM5a L554, L554 0 Leucine plug involved in substrate binding Manolaridis et al., 2018; Taylor et al., 2017) L555 Structural relevant, L555A mutation leads to no functional protein C592 Intramolecular disulfide bond with C608 (Henriksen et al., 2005; Taylor et al., 2017) N596 Functional N-glycosylation site binding GlcNAc Taylor et al., 2017) C603 Intermolecular disulfide bond with C603 0 (Henriksen et al., 2005; Taylor et al., 2017) C608 Intramolecular disulfide bond with C592 (Henriksen et al., 2005; Taylor et al., 2017) a Apostrophe (') indicates residues from opposing monomer.
as such (Cheng, 2018 (Henderson & Unwin, 1975) , or multiple single protein complexes with an identical structure but a random orientation are imaged without the need of protein crystallization (Radermacher, Wagenknecht, Verschoor, & Frank, 1987) . The latter technique is called single particle cryogenic electron microscopy (cryo-EM), and new technological developments have recently enhanced its resolution to the near atomic level (Lyumkis, 2019) coming close to X-ray protein crystallography. Therefore, this technique is an interesting alternative to obtain structural data, especially of proteins of which crystallization has not been successful so far.
One of the first studies trying to experimentally resolve the structure of ABCG2 by electron microscopy was conducted by McDevitt et al. (2006) . In this study, a point-mutated variant of ABCG2 (R482G) was investigated. The R482G mutation of ABCG2 broadens its substrate specificity, thereby enabling ABCG2 to transport substrates such as anthracyclines (Clark, Kerr, & Callaghan, 2006) but also dyes such as rhodamine 123 (Honjo et al., 2001 ). The substrate profile of the R482G variant shows a more pronounced overlap with the substrate profile of P-gp, and thus, this mutant may represent an effector of persisting multidrug resistance following P-gp inhibition. In the above-mentioned study, R482G-mutated ABCG2 was expressed in insect cells and isolated by a combination of detergent extraction and chromatography in conditions that were likely to preserve the native structure of the protein. ABCG2 was found to exist as a singular stable complex, which showed in non-denaturation western blots a much higher MW than the ABCG2 monomer alone (430 kDa vs. 70 kDa), thereby indicating stable oligomerization of the protein. Single particle cryo-EM of these protein complexes in combination with a homology model applied to the density map provided structural data at a resolution of~18 Å. Although this resolution was not good enough to resolve single amino acids, this model was able to depict the tertiary and quaternary structure of the isolated ABCG2 complex, which seemed to be composed of a tetramer of ABCG2 dimers. The next approach to investigate ABCG2 protein structure by electron microscopy was undertaken by Rosenberg et al. (2015) . ABCG2 was expressed in yeast cells (Pichia pastoris) and isolated in detergent solution. Without reconstitution of the protein complex in lipids, 2D crystals of ABCG2 were grown in the absence of nucleotides or substrates for ABCG2. Cryo-EM using tilt angles ranging from 0 to 60 was applied on the 2D protein crystals to obtain a density map of 20-Å resolution. Again, the resolution was not good enough to model the protein structure but the boundaries of the protein complex and the orientation of its domains could be depicted. In contrast to the first cryo-EM study (McDevitt et al., 2006) , ABCG2 appeared to be only a homodimer of two ABCG2 molecules in a twofold symmetry. In a side view, the shape of the protein complex was constituted like a reversed V. A homology model using structural data from other ABC transporters was applied to the density map, and the best fit was achieved with the structure of ABCB1 in the so-called inwardfacing conformation (A. B. Ward et al., 2013) . In this conformation, the NBDs are spreading away from each other in an angle of about 60 . There was almost no fit with the so-called outward-facing conformation, where both NBDs remain tightly bound together, as had been shown for the structure of nucleotide bound Sav1866 (Dawson & Locher, 2006) . In both studies (McDevitt and Rosenberg), the resolution of cryo-EM was almost one order of magnitude below structural data obtained by X-ray protein crystallography, thereby not allowing the primary sequence of ABCG2 to be modelled into the density map obtained by cryo-EM.
| RECENT HIGH-RESOLUTION STRUCTURAL MODELS
The first high-resolution 3D structure of ABCG2 was obtained by complex gave rise to a density map with an overall resolution of 3.8 Å which was sufficient to de novo build the structure of the protein except for the NBD. Due to higher flexibility and a lower amount of side views in single particle cryo-EM, the resolution of this region was lower, and therefore, the authors used a homology model from available structural data of the ABCG5/ABCG8 complex (Lee et al., 2016) to structure the NBD.
The overall structure showed a twofold symmetric homodimer of two ABCG2 monomers with two 5D3 Fab bound to the long extracel- quality, the precise nature of this interaction could not be uncovered.
In addition, the mode of substrate binding, ATP binding, and potential conformational changes during the substrate transport process could not be determined with this model.
To re-address these issues, the same group published a follow-up study . In this study, the experimental design was similar to the one before but, this time, the nanodisc reconstitution was performed with ABCG2 bound to MZ29, a derivative of the selective ABCG2 inhibitor Ko143. By applying single particle cryo-EM, the authors could resolve the structure of ABCG2 at an overall resolution of 3.6 Å and even enhance the resolution to 3.1 Å by adding structure stabilizing 5D3 Fab fragments during reconstitution of ABCG2. The resolution was good enough to even de novo build the 3D structure of the NBD, an attempt that had failed before (Taylor et al., 2017 ).
The 3D model depicted an inward-facing conformation of the ABCG2 dimer with two molecules of MZ29 bound inside the substrate binding Cavity 1. The inhibitory effect of MZ29 is therefore likely to be mediated by blocking the substrate binding site and substrate translocation pathway. Interestingly, five ordered cholesterols of the plasma membrane were bound to each monomer in an ABCG2 unique hydrophobic groove at the outside of the TMD potentially guiding the localization of ABCG2 to lipid rafts (Storch, Ehehalt, Haefeli, & Weiss, 2007) . The non-nucleotide bound NBDs had an open conformation and were facing away from each other leaving space for the entrance of substrates from the cytosol into Cavity 1 of the TMD. Q141 of the NBD interacted via a hydrogen bond with N158 of an α-helix closely adjacent to TM1. This connection is believed to be mechanistically relevant as the polymorphism of Q141 has been related to dysfunction of ABCG2 in the kidney causing hyperuricaemia and gout (R. Li et al., 2015) . TM1a might represent the so-called connecting helix which was described in other ABC transporters before (Dawson & Locher, 2006; A. B. Ward et al., 2013) as being important for transmitting structural changes of the NBD to the TMD.
To further analyse the conformational changes during ATPdependent substrate transport, a third study with similar experimental design was published by Manolaridis et al. (2018) . In this study, the authors expressed ABCG2 with the mutation E211Q which drastically reduced the catalytic activity for ATP hydrolysis within the NBD. This mutation was helpful to trap protein conformation in the respective state. Two structures were analysed by single particle cryo-EM: a structure of mutated ABCG2 bound to the transporter substrate estrone-3-sulfate (E 1 S) and one bound to ATP (resolutions of 3.6 and 3.1 Å, respectively, also see Figure 2 ). The structure of the substratebound ABCG2 complex showed a dimer with an inward-facing conformation, similar to that already described Taylor et al., 2017) . One molecule of E 1 S was bound deep inside Cavity 1, almost halfway across the membrane. Due to the twofold symmetry of ABCG2, the substrate could bind in two possible orientations and was mainly coordinated by residues N436 and F439 side chains. Substrate binding boosted ATP hydrolysis by non-mutated ABCG2 and mutations in ABCG2 that mimic substrate binding (V546F) were also able to strongly enhance ATPase activity. This indicated that substrate binding might support binding of ATP to the complex and that it might occur prior to ATP binding, as already shown for P-gp (Martin et al., 2000) . In contrast, the structure of catalytically silenced ABCG2 bound to ATP differed considerably from the substrate-bound confor- The idea of multiple different locations of the substrate in ABCG2 during the transport cycle is supported by in silico predictions of putative substrate binding sites along the substrate translocation pathway (Laszlo et al., 2016 ). This concept is further supported by findings that other residues more distant to the substrate binding site of the E 1 S bound cryo-EM structure and outside Cavity 1 seem to be involved in substrate binding, as shown by R482 whose mutation leads to a change in ABCG2 substrate specificity (Clark et al., 2006; Honjo et al., 2001) . As part of the substrate access site, R482 might be involved in defining the substrate selectivity of ABCG2. A similar mechanism of the ABCG2 transport cycle was postulated according to an in silico homology model of ABCG2 (Khunweeraphong et al., 2017) . In this model, substrates are trapped in the central hydrophobic cavity (corresponding to Cavity 1) by the nucleotide free, inward-facing apo state of the transporter. ATP binding and thereafter ATP hydrolysis lead to conformational changes of the NBD that are conveyed to the TMD via a transmission interface to an outward-facing conformation. In this state, the central cavity is exposed to the extracellular space where the substrate is expelled.
There is no Cavity 2 formed by EL3 in this model. Rather, a part of 
| COMPARING PREVIOUSLY REPORTED STRUCTURAL FEATURES TO NEW HIGH-RESOLUTION CRYO-EM DATA
As mentioned earlier, before obtaining first high-resolution structural data of ABCG2, scientist had to rely on structural predictions and first structural data from homology models to understand the structure of ABCG2. The first homology model (Laszlo et al., 2016) was based on structural data obtained from X-ray diffraction of the ABCG5/G8
heterodimer (Lee et al., 2016) . ABCG2 and ABCG5/G8 show a similar fold and, to some degree, even sequence homology (ABCG2 shares 26-27% sequence identity and~45% sequence similarity to ABCG5/ G8, Laszlo et al., 2016) . Therefore, this model could describe quite F I G U R E 2 3D structure of substrate-bound (left) and ATP-bound (right) ABCG2 according to Manolaridis et al. (2018) . ABCG2 is depicted as a dimer of two ABCG2 protein chains (purple, green) with their nucleotide binding domain (NBD) and transmembrane domain (TMD) displayed in a slightly different colour. Binding of one substrate molecule of estrone-3-sulfate (E 1 S) takes place in a cavity within the TMD. In this state, NBDs are facing away from each other (inward-facing conformation). ABCG2 bound to ATP displays a markedly different conformation. Binding of two ATP molecules induces dimerization of NBDs forcing them to rotate by 35 . Rotation is transmitted to TMD by a link between NBD and transmembrane helix 1 (TM1) pushing all TM α-helices closer together and thereby leaving no space for substrate binding. At the extracellular site, EL3 is twisted away opening a smaller cavity for substrate release (outward-facing conformation)
well the overall structure of ABCG2 in both NBD and TMD. Even a few amino acid interactions could be correctly predicted before being proven true with cryo-EM data. An example for this is the hydrogen bond of Q141-R158 within the NBD close to the connecting helix of the TMD (Laszlo et al., 2016; Taylor et al., 2017) . The link of this region of the NBD to the TMD is believed to be relevant for structure and function of ABCG2 as it might convey structural changes during the transport cycle. This assumption provides a potential structural explanation for ABCG2 misfolding and malfunction of the Q141K variant (Furukawa et al., 2009; R. Li et al., 2015) .
However, there are also some major differences between the homology model and the recent structural models from cryo-EM data.
First of all, due to a backbone shift in TM2 and TM5a from opposing monomers, ABCG2 forms an almost membrane spanning, large inward-facing Cavity 1 (Taylor et al., 2017) , a feature that is not present in the ABCG5/G8 structure (Lee et al., 2016 ) and therefore could not be exploited for the corresponding ABCG2 homology models (Laszlo et al., 2016) . As a consequence, the predicted substrate binding site was located closer to the cytosolic site. The residue R482 is located in this area (Clark et al., 2006; Honjo et al., 2001) . Therefore, this residue was postulated to be directly involved in substrate binding. However, in high-resolution structural data from cryo-EM, R482
within TM3 forms a hydrogen bond with S521 of TM4, far away from the substrate binding site Taylor et al., 2017) . This indicates that either allosteric effects or its postulated role as in the formation of a substrate access site are likely to be the reason for R482 mutation phenotypes, which is further supported by findings that R482 is relevant for substrate transport, without being involved in direct substrate binding (Ejendal, Diop, Schweiger, & Hrycyna, 2006) . Although the large shape of the central substrate binding cavity was missing in the first homology model (Laszlo et al., 2016) , later homology models correctly identified this cavity (Ferreira et al., 2017; Laszlo et al., 2016) and showed a higher consistency with the cryo-EM structure. In contrast, the smaller extracellular-facing Cavity 2 is not present in all homology models. This is mostly due to the fact that EL3 differs considerably between ABCG2 and ABCG5/G8. In ABCG2, EL3 is involved in the formation of Cavity 2 (Taylor et al., 2017) , whereas the shape of EL3 in ABCG5/ G8 leaves no space to form this cavity (Lee et al., 2016) . Nevertheless, in all homology models of ABCG2, cysteine bond-forming residues (C592, C603, and C608) and the N-glycosylation site at residue N596 are assigned to EL3. Probably the best match of the homology models with the high-resolution cryo-EM data is achieved within the NBD.
The NBDs of ABCG2 and ABCG5/G8 share~33% sequence identity, and, on the structural level, Walker A and ABC signature possess similar distances to each other Lee et al., 2016) . The high similarity was also the reason why the first high-resolution cryo-EM structure used a NBD homology model based on structural data F I G U R E 3 Schematic illustration of the ABCG2 transport cycle according to Manolaridis et al. (2018) . In the apo state, the ABCG2 transporter displays an inward-facing conformation which is comprised of two nucleotide binding domains (NBDs) facing away from each other and two transmembrane domains (TMDs) forming a large accessible cavity (open Cavity 1) and a small inaccessible cavity (closed Cavity 2) separated by a leucine plug. Substrates enter from the cytosol or through the membrane entrance site of ABCG2 and bind at hydrophobic residues of Cavity 1 close to the leucine plug. ATP binding induces a dimerization of both NBDs resulting in an overall conformational change (inward-to outward-facing) of the ABCG2 complex. The collapse of substrate binding Cavity 1 and closing of the NBDs forces the substrate to move to Cavity 2 which is now open due to the bending away of the large extracellular loop 3 (EL3). Less hydrophobic amino acids in Cavity 2 help to expel substrates to the extracellular space. ATP hydrolysis within the NBD provides the energy to restore the apo state of the transporter (inward-facing conformation). Please note that individual steps of the transport cycle might occur at the same time derived from ABCG5 to compensate for its low local resolution at that time (Taylor et al., 2017) .
Apart from the homology models, there are a few previously postulated structural features of ABCG2 that are not supported by the high-resolution cryo-EM data. Within TM2 and TM5a of opposing monomers, two GXXXG motifs were thought to be involved in dimerization of ABCG2 (Polgar et al., 2004) , whereas in the cryo-EM structure, the respective residues are opposing each other (Taylor et al., 2017) . Moreover, a C2 motif within the NBD was postulated to be involved in ATP binding and ATP hydrolysis (Macalou et al., 2016) , whereas in the cryo-EM structure, this motif is far from the catalytic centre at the bottom of the NBD (Taylor et al., 2017) . The cysteine residues C284, C374, and C438 were believed to form intramolecular disulfide bonds important for ABCG2 structure (Liu, Yang, Qi, Peng, & Zhang, 2008) but, according to cryo-EM data, these residues are located far apart from each other . Also, it has been suggested that residues L555-L558 form a steroid-binding element important for cholesterol sensing of ABCG2 within the plasma membrane (Telbisz, Hegedus, Varadi, Sarkadi, & Ozvegy-Laczka, 2014) . However, in the cryo-EM structure, these residues face to the central core of ABCG2 and not outwards to the plasma membrane .
| EVIDENCE ON HIGHER ORDER ABCG2 OLIGOMERIZATION
The recent high-resolution structural models of ABCG2 showed the functional protein to be only a dimer Manolaridis et al., 2018; Taylor et al., 2017) . However, many other publications found ABCG2 to form higher order oligomers that are composed of a tetramer (Dezi et al., 2010; Xu, Liu, Yang, Bates, & Zhang, 2004) , a tetramer of dimers (McDevitt et al., 2006) with a potential to even form dodecamers (Xu et al., 2004) One study trying to achieve that was performed by Wong, Briddon, Holliday, and Kerr (2016) . In this study, the authors used HEK cells expressing GFPtagged ABCG2 at very low levels to be able to relate fluorescence intensity to single particles of ABCG2 complexes. Using fluorescence correlation spectroscopy, they imaged intensity fluctuation due to the diffusion mediated entrance and exit of single ABCG2 complexes within a confocal volume of a tiny part of the membrane. Photon counting histograms were collected for GFP-tagged ABCG2 complexes and compared to statistical models considering the molecular brightness of a single GFP molecule. According to their findings, 69% of the ABCG2 complexes are likely to be formed of a tetrameric structure. This finding was supported by total internal reflection microscopy imaging and stepwise photobleaching of low GFP-ABCG2
expressing HEK cells that were fixed prior to the imaging experiments.
In total internal reflection microscopy, the evanescent wave produced by the tilt angle illumination is able to limit fluorescence excitation to structures lying close to the glass bottom only. Thereby, it is possible to image single spots of GFP-tagged ABCG2 that are at the very outer surface of the lower membrane. Stepwise photobleaching of these spots and fitting the results to dimer/tetramer models showed that 90% of the GFP-ABCG2 complexes were tetramers and only 10%
dimers. However, all of the experiments performed by Wong and colleagues depend on fitting measured data into statistical models, a fact that makes interpretation of the results rather difficult. The question of how ABCG2 is organized within the membrane, either as a homodimer or higher order oligomers or even as a heterodimer as it was shown for the ABCG5/ABCG8 complex, remains unanswered and needs to be re-addressed with more conclusive experimental designs.
| CONCLUSIONS
Most recently, experimental attempts using the cryo-EM technique were successful in obtaining the first high-resolution structural information of the polyspecific efflux pump ABCG2. As previously assumed, these data indicate that ABCG2 forms a homodimer of two protein chains containing two major protein domains (NBD; TMD). Among those substances, many of them are drugs applied in cancer therapy which are additionally characterized by a narrow therapeutic index. It is therefore of great importance to use these new structural insights in ABCG2 structure to promote drug therapy safety management on the one hand and to develop clinically useful ABCG2 modulators on the other. Facing these challenges might help to further evolve our understanding of ABCG2 function in health and disease.
| Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al., 2018) , and are permanently 
